We report new methods for multilabel immunofluorescence (MIF) and reprobing of antigen epitopes on the same formalin-fixed paraffin-embedded (FFPE) sections. The MIF method includes an antigen-retrieval step followed by multilabel immunostaining and examination by confocal microscopy. As examples, we illustrate epitopes localized to the apical and basolateral membranes, and the cytoplasm of enterocytes of normal small intestine and in cases of congenital enteropathies (microvillous inclusion disease and congenital tufting enteropathy). We also demonstrate localization of the bile salt excretion pump protein (BSEP) in bile canalicular membrane of normal hepatocytes and in cases of primary sclerosing cholangitis. To demonstrate colocalization of cytoplasmic and nuclear epitopes we analyzed normal control and hyperplastic pulmonary neuroendocrine cells (PNEC) and neuroepithelial bodies (NEBs), presumed airway sensors in the lungs of infants with bronchopulmonary dysplasia (BPD). As cytoplasmic markers we used anti-bombesin or anti-synaptic vesicle protein 2 (SV2) antibody, respectively, and for nuclear localization, antibodies against neurogenic genes mammalian achaete-scute homolog (Mash1) and prospero homeobox 1 (Prox1), essential for NEB cells differentiation and maturation, hypoxia-inducible factor 1α (HIF1α) a downstream modulator of hypoxia response and a proliferation marker Ki67. The reprobing method consisted of removal of the previously immunolabeled target and immunostaining with different antibodies, facilitating colocalization of enterocyte brush border epitopes as well as HIF1α, Mash1 and Prox1 in PNEC/NEB PNEC and NEBs. As these methods are suitable for routine FFPE pathology samples from various tissues, allowing visualization of multiple epitopes in the same cells/sections with superior contrast and resolution, they are suitable for a wide range of applications in diagnostic pathology and may be particularly well suited for precision medicine diagnostics.
The last decade has witnessed great advances in immunohistochemical (IHC) methods, particularly, as applied to diagnostic pathology. The most commonly used procedure is indirect immunoperoxidase (IP) method with or without amplification step that has greatly improved the sensitivity and specificity of epitope detection in a variety of cells and tissues. 1 However, the use of the IP method for the detection of multiple epitopes in the same section is complex and with variable success, as it requires the use of different chromogens. On the other hand, the use of immunofluorescence (IF) methods in pathology diagnostics have been limited to frozen tissue sections, which are not always available. Previous experience with the use of the IF method on FFPE sections has been unsatisfactory, as such samples exhibit high background autofluorescence. However, an IF method for the use on FFPE sections was reported as a salvage technique for renal biopsies, in cases where frozen tissue was inadequate. 2, 3 This method uses a pronase digestion step to unmask immunoglobulin epitopes in the glomeruli and conventional fluorescence microscopy with the results comparable to routine frozen sections.
Traditionally, archival pathology samples are stored as FFPE tissues providing a wealth of valuable clinical material that is now being used with increasing frequency for molecular analysis. 4 We describe a multilabel immunofluorescence (MIF) method for confocal microscopy that offers several advantages over conventional IP immunoperoxidase or IF immunoflourescence methods including high resolution and improved contrast. Although MIF methods and confocal microscopy are being used extensively in research studies by cell and molecular biologists; thus far, these methods have not yet been widely adapted in diagnostic pathology. 5 Here we report two new methods for MIF applicable to the investigation of routinely fixed and processed normal and pathological human tissue samples. The methods are relatively simple consisting of an antigen-retrieval step to unmask the epitope and to reduce background autofluorescence, followed by a MIF procedure using antibodies to multiple epitopes. The subsequent examination of sections by confocal microscopy provides sharp contrast high-resolution images without background staining. In addition, the resulting digital images are suitable for morphometric analysis. 5 The antigen-reprobing method, based on similar principles as used for western blot, allows localization of multiple epitopes in the same cellular structures. Reprobing of multiple targets in the exactly same cell/tissue location on the same section (instead of labeling multiple/serial tissue sections) offers several advantages, especially for samples from rare diseases or when samples are of small size and volume.
As examples of application of these methods we demonstrate localization of markers for apical and basolateral membrane as well as cytoplasmic epitopes in enterocytes of normal small intestine and in cases of congenital enteropathies including microvillous inclusion disease (MVID) and congenital tufting enteropathy (CTE). 6, 7 We also demonstrate localization of the bile salt excretion pump (BSEP) in the bile canalicular membrane of normal hepatocytes and in cases of primary sclerosing cholangitis (PSC).
In the lung, we illustrate expression of cytoplasmic neuroendocrine markers bombesin or anti-synaptic vesicle protein 2 (SV2) together with nuclear epitope localization of critical transcription factors including mammalian achaete-scute homolog (Mash1), prospero homeobox 1 (Prox1), proliferation marker Ki67 and hypoxia-inducible factor 1α (HIF1α) in controls and hyperplastic PNEC and NEBs in infants with bronchopulmonary dysplasia (BPD). 8, 9 Thus, these new methods are applicable to a wide range of normal and pathological tissue samples providing multilabel localization of different epitopes in various cell compartments that are enhanced by confocal imaging with superior contrast and resolution suitable for cellular and molecular studies including precision pathology diagnosis.
Materials and methods
Human tissue samples were retrieved from the files of the Division of Pathology, The Hospital for Sick Children. The samples of normal, control small intestine mucosa included duodenal biopsies from infants with GI symptoms but normal histology (n = 3) and for disease conditions, duodenal biopsies from infants with congenital enteropathies (MVID (n = 2) and CTE, n = 2) previously reported (ref. 10, 11 , and unpublished case). We analyzed duodenal biopsies from sibs with MVID with compound heterozygous mutations in the Myo5B gene, as previously reported. 10 The cases of CTE included one patient described previously, 11 harboring a homozygous acceptor splice site mutation (c.427-1 G4A) in exon 4 of the EpCAM gene with loss of epithelial epithelial cell adhesion molecule (EpCAM) staining by IF. In the second, unpublished case of CTE no disease causing variant was found by whole-exome sequencing analysis as well as Sanger sequencing in genes previously reported to be mutated in congenital enteropathies. 12 For histology analysis of liver biopsies, we used samples from cases showing normal liver histology (n = 3) and from cases of PSC (n = 2). For lung tissues, we used samples obtained at autopsy from infants (n = 3, 5-10 month of age) who died of chronic lung disease of prematurity (BPD) and age-matched controls (n = 2) who died of non-pulmonary causes. All samples were fixed in 10% neutral buffered formalin, without methanol and embedded in paraffin using routine protocols. FFPE sections were cut at 5-7 μm.
The use of human tissue samples was approved by the Research Ethics Board at the Hospital for Sick Children. For the use of small intestine biopsies from control and disease cases extensive and comprehensive consent was obtained. Informed consent to participate in research was obtained and a copy of the consent is available on the interNational Early Onset Pediatric IBD Cohort Study (NEOPICS) website at http://www.neopics.org/NEOPICS_Docu ments.html.
MIF
The details of MIF procedure are outlined in Table 1 . As a first step, paraffin was removed using Xylene, and afterwards rehydrated with different percentages of ethanol. Antigen retrieval was performed with high-pressure cooking in EDTA-borax buffer (1 mM EDTA, 10 mM borax (sodium tetraborate, Sigma, St Louis, MI, USA), 10 mM boric acid (Sigma) with 0.001% Proclin 300 (Supleco, Bellefonte, PA, USA) at pH 9.0. To block non-specific staining, the slides were incubated for 1 h at room temperature in 5% BSA in 1 × phosphate-buffered saline (PBS, Multi Cell) without Ca 2+ and Mg 2+ containing 15% goat serum. Primary antibody incubation was performed overnight at 4°C (Table 2 ). On the following day, stained slides were washed three times for 10 min with 1 × PBS without Ca 2+ and Mg 2+ . Secondary antibody incubation was performed at room temperature in darkness for 1 h, and slides were washed afterwards three times for 10 min in darkness. As a nuclear counterstain Hoechst 33342 Fluorescence Stain (Thermo Scientific) was used at a dilution of 1:15.000. Finally, sections were mounted overnight with Vector shield fluorescence mounting medium (Vector Labs). 
Stripping and Reprobing of Previously Immunostained Formalin-Fixed Paraffin-Embedded Tissue Sections
The general outline of the procedures used for the removal/stripping of previously immunolabeled qtargets is shown in Table 1 . To remove the coverslips, the slides were dipped in 100% xylene for a few seconds, and then the coverslip gently removed. For duodenal biopsy samples we used method 1, consisting of incubation in 0.01% sodium dodecyl sulfate (SDS, Sigma Aldrich) diluted in 1 × PBS as a stripping solution and exposed sections for 5 min at 110°C in a high-pressure Dekloak chamber (Thermo Scientific) within a ventilation hood (Table 1) . Afterwards the slides were washed for 5 min in cold tap water and blocked for 1 h in 5% BSA in 1 × PBS containing 15% goat serum. Subsequently, the sections were incubated overnight with the first antibody at 4°C and further processed as described above. For samples of lung, the procedure was slightly modified, using method 2 ( Table 1) . After three washes (5 min/each) with PBS, the pre-warmed tissue striping solution (0.05% SDS; 0.001% b-mercaptoethanol; 0.001 Tween20 in MiniQ water pH4.0 at 30°C) was added on each slide and incubated for 5 min at room temperature under a V-hood. After washing the slides five times with PBS (5 min/each), we performed acid pH antigen retrieval in a high-pressure cooker as described above. After washing and blocking, the slides were ready for reprobing with different antibodies (Table 3) .
Confocal Microscopy
Photomicrographs of immunostained sections of small intestine and liver were taken with an Olympus IX81 inverted fluorescence microscope equipped with a Hamamatsu C9100-13 back-thinned EM-CCD camera and Yokogawa CSU X1 spinning disk confocal scan head. Images were adjusted for contrast and brightness using the Volocity 6.1.1 version software (Perkin Elmer).
Fluorescent confocal images of PNEC/NEB cells immunostained for bombesin, SV2, Mash1, Prox1, HIF1α, or Ki67 in double/triple-immunostained sections were obtained using a Leica confocal laser scanning microscope (model TCS-SPE) and LAS-AF software, as previously reported. 13 The variable excitation wavelengths of the krypton/argon laser were 488 nm for FITC conjugate, 568 nm for Texas Red complex and 695 nm for Alexa Fluor 680 conjugate/RedDot-2 (nuclear counterstaining).
Results

MIF on Formalin-Fixed Paraffin-Embedded Tissue Sections
Duodenal biopsy samples from normal controls stained with Hematoxylin and Eosin showed excellent cell and tissue preservation (Figure 1a ). For demonstration of apical polarity of villous enterocytes, the samples were immunostained for villin, a marker of intestinal brush border and syntaxin3, a (Figure 1f and g). The non-muscle motor protein, myosin1c that transports vesicles from the basolateral to the apical compartment showed localization to both apical and basolateral membranes of enterocytes (Figure 2a ). On the other hand, immunostaining for cell adhesion molecule, beta-catenin was exclusively localized to the basolateral membrane (Figure 2b) , where it colocalized with myosin1c ( Figure 2c) . To demonstrate the versatility of our antigenreprobing method, the same section used for immunolocalization of epitopes shown in Figure 2a -c was stripped and reprobed with antibodies against villin that was localized to the brush border membrane and Na/K ATPase exclusively localized to the basolateral membrane (Figure 2d, e and f) . To assess visualization of cytoplasmic cell organelles, sections were immunostained for late endosomes/lysosomes (Lamp2), that were localized subapically in duodenal villus enterocytes (Figure 3a) . Furthermore, immunostaining for EpCAM, involved in formation of tight junctions, 14 was localized to the basolateral membrane of villus enterocytes (Figure 3b and c) . Interestingly, in a case of CTE immunostaining for EpCAM was absent from the basolateral membrane of enterocytes, as previously reported, 7 but in addition was mislocalized to subapical cytoplasmic inclusions that colocalized with Lamp2-positive aggregates representing lysosome-like structures (Figure 3d , e and f). Taken together, the findings in this patient with a new variant of CTE suggest disruption of cell polarity as shown by mislocalization of EpCAM protein in Lamp2 organelles and defects within the apical cell compartment.
To test the usefulness of our MIF method in localization of other plasma membrane proteins in different cells/tissues we assessed the expression of BSEP in the bile canalicular membrane of Immunofluorescence on paraffin sections hepatocytes. It should be noted that immunostaining for BESP is a useful marker in the diagnosis of congenital cholestasis syndromes. 15 In sections of liver with normal histology shown in HE stains (Figure 4a ), as expected, BSEP was localized to the bile canalicular membrane with sharp contrast and clear definition (Figures 4b and 3d reconstruction in Figure 4c ). In contrast, in a case of PSC, HE hematoxilin and eosin staining showed cholestasis and immunostaning for BESEP protein revealed discontinuous, focally beaded staining pattern (Figure 4d and e, and Figure 3d reconstruction in Figure 4f ).
In agreement with previous studies, PNEC/NEB in lungs of control infants and those with BPD showed strong cytoplasmic immunoreactivity for bombesin, the principal peptide produced by these cells in human lung, used here as a cytoplasmic marker for PNEC/NEB cells (Figure 5a ). In cases of BPD, PNEC/ NEB cells showed striking hyperplasia compared with age-matched controls as previously reported. 8, 9 In lung sections from cases of BPD with double immunolabeling for bombesin and Mash1, the majority of PNEC/NEB cells were immunoreactive for both epitopes, suggestive of differentiation from precursor cells (Figure 5a ). To identify proliferating cell populations in the same section as in Figure 5a , the section was stripped and reprobed with antibodies against SV2 (general neural and neuroendocrine cell marker) and an antibody against Ki67, expressed in the nuclei of proliferating cells. As expected, SV2 was localized in the cytoplasm of PNEC/NEB cells and also immunostained adjacent sub epithelial nerve fibers (Figure 5b ). The proliferation marker Ki 67 was expressed in the majority of non-endocrine airway epithelial cells with only occasional PNEC co-expressing both Mash1 and Ki67 or Ki67 alone (Figure 5b) . Generally, although in lungs of control infants most NEBs were usually made up of between 5 and 15 cells, in the infants with BPD, majority of NEBs neuroepithelial bodies were hyperplastic and contained up to 50 cells (Figures 6 and 7 ). In agreement with previous studies, in control neonatal lungs only occasional NEB cells expressed Mash1 (o 5%) (Figure 6a) , whereas up to 50% expressed NEB cell maturation marker Prox1 (Figure 6b) . 16, 17 In NEB cells of control lungs, expression of HIF1α was identified in occasional cells where it was colocalized in Mash1-and Prox1-negative nuclei (Figure 6c ). The merged image of triple immunostaning confirmed that each epitope (Mash1, Prox1, HIF1α) was localized in different NEB cells without apparent co-expression, possibly indicating fully mature differentiated state (Figure 6d) .
In cases of BPD, more than half of NEB cells were immunoreactive for Mash1 with fewer Prox1-positive nuclei indicating increased recruitment from precursor cells (Figure 7a and b) . The lower expression level of Prox1 is in keeping with its activity downstream of Mash1 and its involvement in NEB cell maturation. 16 In contrast to controls, NEBs neuroepithelial bodies in BPD cases showed high expression levels of HIF1α that closely correlated with Mash1 expression suggesting a hypoxia driven response (Figure 7c ). However, occasional NEB cell nuclei showed either HIF1α or Mash1 immunoreactivity only, likely reflecting their state of differentiation (Figure 7a and c) . Co-expression analysis of Mash1, Prox1 and HIF1α showed distinctive patterns with the majority of NEB cell nuclei (~90%) co-expressing Mash1 and HIF1α, with a few nuclei exhibiting either Mash1, HIF1α or Prox1 expression alone (Figure 7d ). It should be noted that neuroendocrine /neurogenic nuclear epitopes were exclusively expressed in PNEC/NEB cells, whereas in all other lung epithelial and mesenchymal cells, in both control and BPD lungs, no expression of these epitopes was seen.
Discussion
We describe two new IHC methods suitable for examination of routinely formalin-fixed and paraffin-embedded tissue sections from normal individuals and from patients with various disease conditions. Our MIF method is superior to conventional IF immunoflourescence on frozen tissues as formalin fixation provides excellent cytological preservation of cell structures and paraffin embedding facilitates tissue sectioning. The use of confocal imaging not only allows multiple immunolabelling on the same sections, but also, owing to a larger wave length spectrum for fluorescence excitation provides images with high resolution and contrast. Using this method, we show exquisite immunolocalization of various membranes, cytoplasmic and nuclear epitopes in the same cells from the same sections.
In samples of duodenal biopsies from normal controls we demonstrate immunolocalization of villin and syntaxin3 to the apical brush border, myosin1c to the apical brush border as well as basolateral membrane of villous enterocytes. In cases of MVID there was discontinuous villin and syntaxin3 immunostaining of apical membrane of enterocytes, consistent with focal loss of brush border and the presence of characteristic intracytoplasmic inclusions. These inclusions are usually sparsely distributed, affecting only~10% of villous enterocytes and hence are difficult to identify by routine IHC methods. Recent studies identified mutations in the MYO5B gene as a cause of most cases of MVID. 6, 10, 12 The loss of the MYO5B gene expression leads to defective cellular traffic and disrupted cell polarity of enterocytes. 6, 10, 18 Mutation in the syntaxin3 gene has been described recently in a case of variant form of MVID, presenting with milder clinical symptoms. 19 We also show expression of cell adhesion molecules beta-catenin and EpCAM as well as an ion pump Na/K ATPase to the basolateral membrane of normal enterocytes. In our case of a new variant of CTE, as expected, immunostaining for EpCAM was absent from the basolateral membrane, 7 but in addition it was mislocalized to the cytoplasm within Lamp2 immunopositive aggregates representing early lysozymes. Based on these findings, we suggest that our MIF method is well suited for diagnostic work-up of congenital enteropathies where the sample size is often limited and frozen tissue in most cases is not available. Furthermore, studies can be performed on archival material in cases suspected of congenital enteropathy. 12 We also demonstrate that the BSEP protein, physiologically located at the apical membrane of hepatocytes and a marker for intrahepatic bile canaliculi, 15 can be assessed in FFPE liver biopsy samples to visualize the structure of bile canaliculi. This is of clinical relevance for patients with progressive familial intrahepatic cholestasis type 1, a rare autosomal recessive liver disease characterized by progressive cholestasis owing to mutations in the BSEP gene, 15 but also for other liver diseases where the intrahepatic bile canaliculi may be disrupted, as shown here in cases of PSC primary sclerosing cholingitis.
As examples of colocalization of different cytoplasmic and nuclear epitopes in the same sections/cells we have investigated PNEC/NEBs in control human lungs and in cases of BPD. Although the functional relationship between solitary PNEC and NEB cell clusters is presently unclear, NEBs neuroepithelial bodies are presumed polymodal airway sensors responding to a variety of stimuli including hypoxia, hypercarbia, acidosis, and mechanical stretch. 9, 20 PNEC/NEB produce amine (serotonin) and peptides, particularly bombesin in human lung and Figure 6 Tripple immunostaining of NEB containing up to 13 nuclei in lung of control 2-month-old infant. The section was first immunostained for bombesin (FITC, green), Mash1 (rhodamine, red), and HIF1α (ALEXA 680, pseudogreen); after stripping the section was re probed with antibodies against bombesin (rhodamine, red) and Prox1 (FITC green). (a) Immunostaining for bombesin and Mash1 with two NEB nuclei-expressing Mash1; (b) Same section as in a, after stripping and reprobing using antibodies against bombesin and Prox1. Up to five NEB nuclei immunoreactive for Prox1, with only one expressing both Mash1 and Prox1 (arrow); (c) Section in a and b after stripping and reprobing for bombesin and HIF1α. Only three NEB nuclei are positive for HIF1α, with two co-expressing Prox1 and HIF1α (asterisk), without co-expression of Mash1 and HIF1α. Scale bar = 10 μm.
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Immunofluorescence on paraffin sections CGRP in rodents. Although the precise function of NEBs neuroepithelial bodies is presently unknown, the predominant hypothesis suggests a role in respiratory control, particularly during the perinatal period when these cells are most prominent. 9, 20 Whereas responses of NEB cells to acute hypoxia are mediated by ion channels, chronic sustained hypoxia involves the general cellular O 2 sensors, prolyl-hydroxylases, with downstream effects on expression of HIFs that in turn regulate expression of a large number of genes required for adaptation to a hypoxic environment. 21 Previous studies identified hyperplasia of solitary PNEC and PNEC clusters, NEBs, in a number of pediatric lung disorders including chronic lung disease of prematurity, BPD PNEC and NEBs, which is associated with high morbidity and mortality. 9 In addition, PNEC/NEBs are cells of origin of pulmonary neuroendocrine tumors such as carcinoid and small cell lung cancer. 17 However, the mechanisms and pathobiology of PNEC/NEB cells proliferation and hyperplasia are poorly defined. In normal human lung and in cases of BPD, our MIH method was useful to co localize in the same cells, nuclear expression of neurogenic genes Mash1 and Prox1, required for PNEC/NEB cell differentiation, and/or a cell proliferation marker Ki67 together with cytoplasmic markers bombesin and SV2. Furthermore, we also demonstrate colocalization of neurogenic gene Mash1 with HIF1α. Our preliminary findings show that hyperplasia of NEB cells in lungs of patients with BPD is mediated predominantly by differentiation from precursor cells via Mash1 and Prox1 expression with a minor component of cell proliferation as demonstrated by sparse Ki67 labeling of NEB cells, compared with adjacent airway epithelium. Co-expression of Mash1 and HIF1α suggests modulation by chronic hypoxia, known to be important in the pathobiology of BPD. 22 The critical role of chronic hypoxia in PNEC/NEB cell hyperplasia is supported by our findings in PHD1-deficient mice. The loss of PHD1 activity leads to continuous upregulation of HIF1α, mimicking chronic hypoxia exposure. PHD1 null mice showed two to threefold increase in NEB cell number and a similar expression pattern of neurogenic and cell proliferation markers as observed in infants with BPD suggesting that these mice could be a suitable animal model. 23 Our reprobing method on FFPE sections is based on the same principles as conventional western blot reprobing, widely used in protein-based research. Here we show that previously immunostained FFPE tissue sections can be re probed after stripping the initial epitope with low pH and highly diluted SDS-containing solution. Remarkably, following this treatment the remaining epitopes retain their integrity and immunoreactivity allowing immunostaining with different epitope antibodies. This is particularly useful for colocalization of multiple cellular targets in the same cell/section and in cases when sample size and volume is limited.
We further suggest that these methods have a wide range of applications and are suitable for studies of a variety of cells and tissues including diagnostic pathology samples. The present report is a proof-ofprinciple and feasibility study demonstrating some examples of co-expression of multiple epitopes including plasma membrane, cytoplasmic, and nuclear localization in the same cells with high contrast and resolution. These methods are superior to currently widely used monochromatic, single epitope immunoperoxidase method. 1 As we are introducing new methods to be used in diagnostic pathology, it is appropriate to discuss some practical issues such as the cost, technical expertize, the time required and the test validation. One of the limitations of our MIF method is the cost and availability of confocal microscope. However, this should not be a problem in Academic/University based Pathology laboratories (as in our case) where confocal microscopy is usually available as part of shared microscopy core facility. The cost of antibodies and various reagents is comparable to conventional immunohistochemistry. Future studies are required to carry out initial testing, validation, and applicability of proposed methods including the technical and laboratory-management aspects.
We believe that wide adoption of these methods to both pathobiology research and diagnostic pathology will lead to new discoveries as well as enhance diagnostic histopathology in a wide range of disease conditions including neoplasia, immunopathology, endocrine, and neuropathology etc. For example, the colocalization of oncogenes and specific cell surface receptors and/or nuclear epitopes in the same cells may be particularly useful for targeted antitumor therapies. 24 Furthermore, as these methods produce digitized images, they are amenable to quantitative assessment of epitope expression. It is hoped that the adoption and application of our methods for the identification and colocalization of multiple epitopes in the same cells/tissues using FFPE sections will enhance diagnostic pathology practice and improve the accuracy of histopathology diagnosis, especially in cases where treatment decisions are based on detection of specific epitope expression required for individualized medical therapies. This is particularly relevant in the new era of 'Precision Medicine' initiative recently summarized by Drs Francis Collins and Harold Varmus. 25 It is proposed that 'the initiative will encourage and support the next generation of scientists to develop creative new approaches for detecting, measuring, and analyzing a wide range of biomedical information-including molecular, genomic, cellular, behavioral, physiological, and environmental parameters'.
